SUMMARY
Many fungi in the centre of the group of Fusarium and its teleomorphs were shown to be capable of reducing nitrite anaerobically to form nitric oxide (NO), nitrous oxide (N_,O), and/or dinitrogen (Nz). Several strains cou:d reduce nitrate as well. Nitrous oxide was the major product of the reduction of nitrate or nttrite. Several fungi could also form N:. When ItS]nitrite was used as substrate for the N.,-forming denitrification, 15N20, 15NO, and 14NISN were obtained as the products. These results demonstrated that, unexpectedly, many fungi have denitrifying abilities. It was also shown that the fungal system contains a unique reaction, formation of a hybrid dinitrogen.
INTRODUCTION
It has long been believed that denitrification occurring in soil and other environments depends on bacteria oo!y [1]. We recently found, however,
Correspondence to: H. Shoun. Institute of Applied Biochemistry. University of Tsukuba. Tsukuba. lbaraki 305. Japan. that the hyphomycetous fungus Fusarium ox3"sporum (MT-811) exhibits a potent denitrifying activity [2] . Nitrate or nitrite was stoichiometricaUy converted to nitrous oxide (N,_O) under anaerobic conditions. This was the first demonstration of distinct denitrifying ability due to a fungus. We further showed that a cytochrome P-450 (P-450), tentatively termed P-450dN m [3] , is involved in the process. The eDNA analysis revealed its unique features [3] . The epochal function of P-450~N m is now being clariu,.d (manuscript submitted). In the present study we have investigated the occurrence of P-450~lNm (nitrate/nitrite-inducible P-450) in a range of fungi and we show that many fungal strains exhibit denitrifying activity.
MATERIALS AND METHODS
Each fungal strain was precultured as in the case of F. oayspomm MT-811 [2] in liquid ntedium containing 1% glucose, 0.2% peptone, and inorganic salts [2] (pH 7.5). After 4-5 days 30 cm 3 the culture was transferred to 120 cm 3 of fresh medium containing 5 mM NaNO2 or 10 mM NaNO 3, in a 500 cm 3 Erlenmeyer flask with side arms [2] . After inoculation, the flask was degassed and flushed by helium, sealed, and then incubated at 26.5°C on a rotary shaker. At each incubation time the upper space gas was analyzed by gas chromatography (GC) and gas chromatography-mass spectrometry (GC-MS) as reported [2] .
Most of strains were obtained from IFO (Institute for Fermentatl.on, Osaka) and IAM (Institute of Applied Microbiology, The University of Tokyo). P-450 was induced and detected spectrophotometrically, as reported [4] .
[L~N]Nitrite and nitrate (99 atom%; sodium salts) were obtained from Cambridge Isotope Laboratories, USA.
RESULTS AND DISCUSSION
Many fungal strains were shown to be capable of evolving N20, nitric oxide (NO), and/or dinitrogen (N 2) when they were anaerobically incubated with nitrite, as shown in Table 1 . In most cases the main product was N20. All strains of F. oxyspomm examined produced N20 from r, itrite with the exception of the strain IFO 9967. The following fungi also exhibited marked denitrifying activities: Gibberella fujikuroi, Fusarium linL Fusarium decemcelhdare, Fusarium solani, Cylindroce.rpon tonkinense, Trichoderma hamatum, Chaciomhun sp., and Talaromyces flavus. Some of these fungi also formed N,O from nitrite (Table  1) . We previously observed that F. oxysporum MT-811 rapidly produced N20 from nitrate when the air in the incubation flask was not replaced by helium before incubation [2] . In contrast, a long lag time was required for N20 to be formed from nitrate when the air was replaced by helium (Tanimoto et al., unpublished observation). This situation seemed also to be the case with other strains of F. oxysporum, and was confirmed with F. oxysporum IFO 30705 (Table 1 ). The rapid nitrate utilization might depend on oxygen initially present in the flask, although the denitrification was completely inhibited by a continuous supply of oxygen [2] . The oxygen requirement prior to the initiation ot nitrate reduction was in contrast to the reduction of nitrite that did not require oxygen. The difference in oxygen requirement between the reductions of nitrate and nitrite is to be elucidated.
We previously showed that fungal taxa closely related to F. oxysporum, such as F. lini and G. fujikuroi, also produce a nitrate/nitrite-inducible P-450 that is immunologieally similar to P-450dN m [4] . These P-450-containing fungi were also shown to exhibit marked denitrifying activities (Table l) . However, some denitrifiers did not produce P-450,.INIR. On this basis fungal denitrifiers can be divided into two groups depending on the involvement of P-450 in their denitrifying process. The occurrence of P-450dN m among fungi is of evolutional interest, since horizontal transfer of the P-450 gene from bacteria to fungi has been suggested [3] . Figure 1 shows results on anaerobic incubation of nitrite with F. solani IFO 9425. N 2 was not formed when peptone was omitted from medium, and the N20 evolution was greater in the absence of peptone. Addition of ammonium ions instead of peptone did not increase N 2 production (not shown). As shown in Fig. 2 , Cylindrocarpon tonkineme IFO 30561 exhibited a potent denitrifying activity unlike the result in Table I . The activity was higher at pH 8.0 than at pH 6.0. It seems that the discrepancy between the results in Table l and Fig. 2 depends mostly on the difference in the growth of seed culture. Figure 3 shows a typical result on GC-MS analyses of NO, N20, and N 2 that were formed during anaerobic incubations of [tSN]nitrite with F. solani or C. tonkb~ense. MS peaks with m/z of 46 and 31 were obtained, respectively, for N20 and NO, demonstrating that all nitrogen atoms in these denitrification products were derived from the [~SN]nitrite. N20 (m/z= 46) was also obtained from [tSN]nitrate as the sole product (not shown). In contrast, m/z = 29 was the main peak for N 2, indicating that a hybrid species, 14N 15N, was formed. It would appear from results in Fig.  1 that nitrogen compounds in peptone, such as amino acids, supplied the second nitrogen atom. Such 'co-denitrification' has also been observed with F. oxyspomm where one nitrogen atom from azide or salicylhydroxamic acid and one from nitrite were used in the production of N20 [5] . Table I Nitrogen oxides and dinitrogen evolution by anaerobic incubations of nitrite of nitrate with fungi, and production of P-450d~ m in each fungus.
Each fungus was incubated anaerobically in either nitrite or nitrate containing medium for 7 days. Total amounts of each gas evolved per each flask are indicated. The initial amounts of nitrite and nitrate added were 11.75 mmol and 1.5 mmol. P-450 was detected as reported [ From the result it can be calculated that nitritenitrogen was stoichiometrically converted to N,O and N 2 upon incubation with C. tonkmense at pH 8.1) (Fig. 2) . It was shown that several fungal strains other than F. oaTsporum can evolve significant amounts of N_,O from nitrite, and a few strains could also utilize nitrate as a substrate. Further, it was shown that fungal denitrification exhibits a unique feature, i.e. utilization of nitrogen compounds other than nitrite or nitrate. Various compounds, such as amino acids, aniline, and azide, could serve as nitrogen donors (Kim et al., unpublished observation). It is of mechanistic interest that F. solani and C. tonkh~ense formed N 2 as the co-denitrification product whereas F. oxysporum forms N_,O [5] . The recovery of nitrite/nitrate-N in N20, NO, and N_, was lower in many cases examined than that by F. oxysponml MT-811 [2] . However, Incubations were done as in i-ig. 1. and evolved gases were analysed by GC-MS with a Shimadzu gas chromatograph-mass spectrometer GCMS-9000C. as reported [2] . N 2 (m/z = 28) might be derived from contaminated air. among distinct denitrifiers, belongs to a different class (Plectomycetes). It therefore seems possible that further screenings will find more fungal denitrifiers. It would appear from the present results that denitrifying activities are generally distributed among soil fungi, N_~O concentration is now increasing in the atmospheric air; however, the source of N~O evolution is not known. The present results have suggested that fungal denitri-281 fication contributes, at least in part, to the increase of the greenhouse effect gas.
